The Health and Safety Executive's (HSE's) COSHH Essentials (HSE, 2002 , COSHH Essentials: easy steps to control chemicals HSG193. 2nd edn. ISBN 0 71762737 3. Available at http://www.coshhessentials.org.uk. Accessed 30 October 2013) provides guidance on identifying the approaches required to control exposure to chemicals in the workplace. The control strategies proposed in COSHH Essentials are grouped into four control approaches: general ventilation, engineering control, containment, or to seek specialist advice. We report the use of experimental measurements and computational fluid dynamics (CFD) modelling to examine the performance of an engineering control approach and a containment control approach. The engineering control approach simulated was an extracted partial enclosure, based on the COSHH Essentials G200, for which simulations were compared with data from experiments. The containment approach simulated was of drum filling (in an extracted partial enclosure), based on the COSHH Essentials G305. The influence of the following factors on containment was examined: face velocity, size and location of face opening, and movement and ventilation flows. CFD predictions of the engineering control approach agreed well with the majority of the experimental measurements demonstrating confidence in the modelling approach used. The results show that the velocity distribution at the face of the enclosure is not uniform and the location and size of the opening are significant factors affecting the flow field and hence the containment performance. The simulations of drum filling show the effect on containment of the movement of a drum through the face of an enclosure. Analysis of containment performance, using a tracer, showed that containment was affected by the interaction between the ventilation flow direction and drum movement and spacing. Validated CFD simulations are shown to be a useful tool for gaining insight into the flows in control strategies for exposure control and to aid the interpretation of experimental measurements. The results support the assumption in COSHH Essentials that the use of 'containment' as a control approach is capable of achieving a 100-fold reduction in potential exposure. Novel CFD modelling techniques have been used to create controlled containment scenarios, improve understanding of the flow behaviour in the scenarios, and provide information that may aid future containment design.
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In trod uctIon
The Health and Safety Executive's (HSE's) COSHH Essentials (HSE, 2002) provides guidance on identifying the approaches required to control exposure to chemicals in the workplace. Control banding of chemicals is used to identify appropriate control strategies for processes to ensure that airborne concentrations of chemicals in the workplace are below levels hazardous to workers. The technical basis for COSHH Essentials is described in Maidment (1998) and HSE (2009) . The control strategies proposed in COSHH Essentials are grouped into four control approaches: general ventilation, engineering control, containment, or to seek specialist advice.
In COSHH Essentials, the effectiveness of the control approaches is described relative to general ventilation, with an expected 10-fold concentration reduction for engineering control and a 100-fold reduction for containment. The control approaches have been validated using published exposure data or where suitable data are not available, extensive peer review (Maidment, 1998) . Independent validation of general ventilation and engineering control approaches has also been undertaken (Tischer et al., 2003) . Despite the validation work that has been performed, there is still a lack of suitable measurement data to validate containment as a control approach (HSE, 2009) . Measurements taken in the workplace may be affected by exposure due to several activities and control approaches while they may not include all the information required to validate an individual control approach. In the work described here, computational fluid dynamics (CFD) is used to examine examples of two types of control approach: engineering control and containment. Examples of these approaches are COSHH Essentials G200 and G305 shown in Fig. 1  (HSE, 2003a,b) .
CFD can be used to simulate three-dimensional flow fields (Versteeg and Malalasekera, 2007) and is a predictive tool that can be applied to a wide range of fluid flow applications. It can be used to perform detailed simulations of fluid flows, although, as with all predictive models, the CFD model must be validated to ensure that it is fit for purpose. In contrast to measurements in workplaces, where multiple activities and control approaches may be present, activities and controls must be specified in simulations. Therefore, a single control approach can be examined, as required to validate control approaches in COSHH Essentials. The representation of the workplace environment used in simulations is a simplification of the actual environment. However, the conditions modelled can be varied to examine the influence of different factors. CFD simulations can, therefore, be used to examine the flow and exposure control achieved by different control approaches. This information can then be used to assess the information in COSHH Essentials and changes to existing controls.
CFD has been used previously in studies of the influence of fluid flows in occupational hygiene. Li et al. (2007) examined contaminant concentrations in the breathing zone from a source held at waist height by a manikin facing downstream. Initial comparisons were made with experimental measurements made in a wind tunnel to validate the simulation results. Many of the factors affecting worker exposure are application specific; therefore, the simulation study focussed solely on the effect of ventilation velocity, turbulence intensity, and body heat. Braconnier and Bonthoux (2010) studied the fluid dynamics of cytotoxic safety cabinets using a combination of on-site and laboratory measurements and CFD simulations. The CFD simulations were validated using velocity data from both the on-site and laboratory measurements. Simulations were then used to make a detailed examination of the flow within the cabinet and to study the influence of different operating parameters, including blockage of the front opening by an operator. Validation of CFD simulations using experimental data allowed detailed examinations of flow structures from simulations. The control of factors in simulations allows examination of their influence without the presence of other uncontrolled factors.
One of the factors examined in Braconnier and Bonthoux (2010) was blockage of an opening by an operator. The movement of operators can also affect containment. Choi and Edwards (2008) used CFD to simulate the effect of human motion on contaminant transport, examining the quantity of contaminant transported by human motion and the distance travelled by the contaminant. They used large eddy simulations of the flow and an immersed boundary method to represent a body and its motion. However, their simulations did not examine the effects of controls on the contaminant, and the techniques applied are computationally intensive. These studies show that when considering the control of contaminants using fluid flow, both blockage and movement can affect containment and that CFD can be used as a tool to examine these effects.
Two sets of CFD simulations were performed in the current study. In the first, the performance of an extracted partial enclosure was examined. This is an engineering control approach described in guidance note G200 of the COSHH Essentials series (HSE, 2003a) . Results from experimental measurements and CFD simulations were compared. The ability of CFD simulations to predict the effect of different opening configurations and face velocities was examined. The second set of simulations was of drum filling in an extracted partial enclosure, a containment approach described in guidance note G305. This is an extension of the flows examined in the previous application, including the effect of drum movement, and examines the reduction in exposure to contaminant due to the drum filling enclosure. These simulations were not directly validated as the authors are not aware of suitable measurements to allow validation to be performed. In addition, measurements of an operational drum filling system would be affected by uncertainty in the measured boundary conditions. Here, we examine the predicted influence of varying factors on containment behaviour.
The use of containment as a control during drum filling means that the chemicals remain within the extracted partial enclosure or are rapidly recaptured, due to air flowing into the enclosure, before being removed by an extraction flow. Containment and reduction in exposure during the drum filling process can be affected by a number of factors that are examined in the present study. Guidance specifies the conditions required for containment based on minimum inflow velocities, so the effect on control of inlet air flow velocity at openings was examined. The drum filling process involves moving drums through openings into and out of the containment zone. Therefore, movement was considered in the simulations. The final factor considered was the interaction with the environment, although only the effects of different ventilation flows were considered.
M ethods
Two scenarios were modelled, representing two control approaches: first engineering control, represented by a partial enclosure in a ventilated room; and second, containment, modelling drum filling in a partial enclosure with ventilation flows. (Fig. 3) . The highest nominal face velocity was 0.5 ms −1 , which was applied to both the full-and half-face geometries. The lowest face velocity tested was 0.05 ms −1 on the half open faces, but such a velocity is unrealistic for an exposure control situation and so the results are not presented here.
Engineering control set-up

Containment set-up
There were no experimental measurements for this scenario; therefore, the idealized drum filling geometry, Fig. 2b , was based on scenario G305 from the HSE COSHH Essentials series (HSE, 2003b) , Fig. 1b . The CFD geometry was constructed in two parts, with an outer domain containing the extracted partial enclosure and a separate domain containing the drums and the space between them. The latter moved through the outer domain to simulate drums moving through a partial enclosure on a conveyor.
The outer domain had a plan of 4.5 m × 4 m and was 4 m high, the domain containing the drums had a plan of 7 m × 1 m with a height of 1.2 m. The drums had a radius of 0.26 m and height of 1 m. The extracted partial enclosure was 4 m high, with the exhaust at the top measuring 0.375 m × 0.375 m. At the height, the drums moved through it, the partial enclosure had a square plan of 1.5 m × 1.5 m. Simulations were performed with the ventilation flow parallel to the faces of the drum filling enclosure (as shown in Fig. 2b) , and with the flow parallel and opposed to the direction of movement of the drums. The ventilation flow was imposed across opposite walls of the domain, see Fig. 2b .
Experimental measurements
The extracted partial enclosure shown in Fig. 2a was constructed within a test room in HSL's experimental facility at Buxton. The ambient temperature was controlled during the experiments at 21°C. Observations were made during each experiment to ensure that the temperature had remained stable over the duration of the experiment. Measurement of the face velocities on the enclosure has been discussed previously. The background ventilation flow rate was measured downstream of the test room and flow through the partial enclosure exhaust was monitored. The pressure drop across the inlet filters was assumed to give a uniform velocity at the inlet, as it was designed to do, but this was not measured. Note that two different types of probe had to be used to measure the velocities because of the different velocity ranges, namely unidirectional and omnidirectional devices. The unidirectional probe was used for the higher face velocities and measures velocity magnitude along a defined orientation and does not differentiate the flow direction. The face velocity measurements were made with the probe oriented to measure velocity normal to the face. If the flow direction is not oriented with the probe, e.g. if the flow at the face recirculated, then the accuracy of the measurements will decrease.
Further details of the experiments can be found in Batt and Kelsey (2009) .
CFD models and simulations
All of the simulations were performed using STAR-CCM+ version 3.02 (CD-adapco, 2007) . The primary feature of note in the construction of the drum filling simulation was the moving mesh technique. This involved creation of two separate meshes, one for the stationary domain made up of the space inside and outside of the enclosure, and one for the moving domain, which contained the drums and the space around them. The bottom boundary of the moving domain was a wall and represented the conveyor. This latter domain moved through the outer domain at a specified rate, which in this scenario was the speed of the conveyor upon which the drums are positioned. The movement caused the drums to move into and out of the enclosure openings. There was an interface on the boundaries between the two domains so that when the moving domain was within the outer domain, flow was allowed between them.
For both geometries, the extraction exhaust and the ventilation outlet were modelled in the CFD simulations using a 'flow split' condition, i.e. the flow was controlled to allow a specified proportion of the inlet flow to exit the domain at each exit. This maintained the nominal face velocities required for the extracted partial enclosure simulations given in Table 1 , and a nominal face velocity of 0.5 ms −1 on both faces of the partial enclosure in the drum filling scenarios, as suggested by the COSHH guidance.
For the drum filling scenario, simulations were started with one drum placed in the centre of the partial enclosure, in the filling position, and adjacent drums located in the partial enclosure openings. The movement of the drums commenced at the start of a simulation and movement stopped when the drum initially at the filling position reached the partial enclosure opening and the next drum was moved to the filling position (see Fig. 2b ). The speed of the conveyor laden with drums was assumed to be 0.2 ms −1 . Thus, it took 3.75 s to move one drum to the enclosure face and replace it with another ready to be filled. At the start of the simulations, the partial enclosure was filled with a tracer to simulate vapour from the drum filling process that would result from flushing drums, or the evaporation of spilt liquid. The tracer was modelled as passively transported by the flow. After the drum movement had stopped, the simulations were continued until the percentage of tracer remaining in the partial enclosure was reduced to 10% of the original amount. In this scenario, the ambient flow was generated by specifying one wall of the domain as an inlet with flow velocity 0.3 ms −1 and an outlet flow split between the opposite wall and the extract flow from the drum filling partial enclosure. The remaining outer faces of the domain were specified as walls.
In all simulations, the ambient air was modelled with constant density as compressible effects were expected to be negligible. The Realizable k-ε model was used with two layers, all y + wall functions, as recommended by default in STAR-CCM+. The convergence criteria were set at 10 -4 for all flow variables.
Polyhedral meshes were used for all simulations, e.g. see Fig. 4 . This meshing approach allows more faces per cell than either tetrahedral or hexahedral meshes, reducing numerical diffusion within the calculation. At the walls, four prism cells with a growth ratio of 1.5 were used. For the extracted partial enclosure, simulations were carried out on a coarse and fine mesh using 268 000 (Fig. 4a) and 783 000 cells, respectively. A comparison of the velocity distributions across the enclosure face showed that the mesh dependency of the solution was acceptably small and the final simulations used the coarse mesh with a time step of 0.0625 s. For the drum filling partial enclosure simulations, solutions on meshes with 847 000 and 1 923 000 (Fig. 4b) cells were calculated. A comparison of the velocity field and passive scalar showed good agreement between the two meshes but there were slight differences in flow motion around the drums, compare Fig. 5a ,b. Slight improvements in convergence were obtained with the fine mesh so this was used in the simulations with a time step of 0.0156 s. , Fig. 6a shows this good agreement although there is some discrepancy in the regions of highest velocity where the experimental data recorded higher velocities than were predicted. However, in regions of recirculation, the flow would not always be normal to the face and the experimental measurements would reduce in accuracy and not be strictly comparable with the velocity magnitudes normal to the face from the CFD simulations.
When a nominal face velocity of 0.5 ms −1 was applied, high velocities were maintained in the centre of the partial enclosure face, where the velocity was dominated by the high speed flow of the extraction pipe. The model predictions and the experimental measurements show that the velocity distribution was clearly not uniform across the face. There was a region of recirculation at the upstream wall (on the right of Fig. 6a, b) caused by the separation of the ventilation flow as it passed the partial enclosure wall. Regions of recirculation are zones where contaminant can escape from the partial enclosure or become trapped, both potentially leading to exposure, as shown in Fig. 7 . This effect was exaggerated further when the nominal face velocity was reduced to 0.25 ms −1 . At the lower face velocity, the complex flow field created by the upstream wall extended further into the partial enclosure. The influence of the extraction flow was less dominant as it interacted with the ventilation flow and the high velocity region was forced to the downstream end of the face, as shown in Fig. 7b . This suggests that a person working at the partial enclosure should stand at the face downstream from the ventilation flow direction, although in practice this is likely to be difficult to identify and control.
Effect of size and position of face opening
When the open face size was halved, as shown in Fig. 3b ,c, good agreement between the model predictions and measurements was again achieved with the downstream face of the partial enclosure open for both 0.5 ms −1 (Fig. 6c ) and 0.1 ms −1 nominal face velocities (Batt and Kelsey, 2009 ). The agreement between CFD and experiment was not as good with the upstream face open (Fig. 6b) . This was most likely due to interaction between the ventilation flow, extraction flow, and the upstream wall of the partial enclosure, as with the fully open face.
With the upstream face of the partial enclosure open (Fig. 6b ) and a nominal face velocity of 0.5 ms −1 , the simulated distribution of velocities on the face was strongly skewed, again due to the domination of the high velocity extraction at the rear of the partial enclosure. Conversely, when the open half was on the downstream side of the partial enclosure (Fig. 6c) , the face velocity distribution was almost uniform at 0.5 ms −1 . These effects were exaggerated in both cases when the nominal face velocity was reduced to 0.1 ms −1 . The scenario with the upstream half-face open appeared more inhomogeneous and complex and was coupled with an increasing lack of agreement between the CFD results and the measurements, although the location of regions of high and low velocity across the opening were reasonably well predicted. It is possible that this resulted from the assumption of uniform flow at the inlet in the CFD, which would be most likely to affect the flow field of the upstream open face due to its proximity to the inlets. To assess whether the complexity in the flow field resulted in loss of containment, which appeared likely in this case, measurements and CFD were performed with a tracer injected in the partial enclosure. As expected from the flow field comparison for this case, the tracer gas tests further highlighted differences between the model predictions and experimental measurements. The results showed differences in the predicted magnitude of the tracer concentration, although both the measurements and the CFD predicted loss of containment. See Batt and Kelsey (2009) for further details.
The uniformity in velocities on the downstream open face may have resulted from the blocked upstream half of the face acting as a crude baffle, restricting complexity in the flow generated by the interaction of the face and ventilation flows. The resulting flow field is similar to that shown in Fig. 7b for the fully open face with a low nominal face velocity, but the large cell of recirculation at the upstream wall of the face is unlikely to cause loss of containment now because the upstream part of the face is blocked off. This is an idealized demonstration of the benefit of baffles on partial enclosures for reducing the potential for contaminant to escape. . Clearly, specifying the flow rate alone was not adequate to achieve consistent containment in this context.
Effect of movement on containment
The model simulates the movement of the drums for 3.75 s, which is the time it takes for one drum to move from the filling position to the enclosure opening. Consequently, the drum originally positioned at the enclosure opening moves out of the opening into the ventilated space. The movement of the drums out of the partial enclosure had a significant effect on the face velocity distribution. The simulations showed that a nominal face velocity of 0.5 ms −1 produced significant velocity gradients on the partial enclosure face including velocity magnitudes over 1.5 ms −1 when drums blocked the partial enclosure faces, and a more uniform distribution without drums present, causing frequently changing face conditions. Inside the partial enclosure, initial extraction of tracer was rapid but the rate of extraction slowed, as shown in Fig. 8a , due to reducing tracer concentration and tracer remaining in recirculating regions within the partial enclosure. The recirculation was caused by separation at the openings of the partial enclosure and around the drums.
The amount of tracer that left the partial enclosure through the two faces was two orders of magnitude less than that contained (i.e. tracer that never left the partial enclosure). Furthermore, the majority of tracer that escaped the partial enclosure was quickly drawn back in and extracted from the partial enclosure, Fig. 8b ,c. However, observations of maximum concentrations showed that the predicted peak maximum concentration outside the partial enclosure was close to the initial concentration within the partial enclosure, shown in Fig. 9 . Any loss of containment increased the potential for direct exposure to personnel or equipment, or for other factors to influence the contaminant movement increasing risk of exposure.
Influence of additional factors
To assess the influence of the ventilation velocity, the drum filling scenario was also simulated with a ventilation flow parallel and opposite to the direction of drum motion. The results of this simulation showed that ventilation parallel to the direction of drum movement increased the loss of containment and therefore the potential exposure, with the peak in the quantity of tracer outside the partial enclosure occurring as the next drum started to enter the opening. However, the recapture efficiency was higher with this ventilation flow and more of the tracer was removed via the extracted partial enclosure. In practice, the ventilation flow is unlikely to be precisely controlled to the extent that can be achieved in these simulations but they clearly demonstrate that containment can be significantly affected by the ventilation flow.
The effect of increased spacing between drums, removing every other drum, was also simulated with the ventilation flow parallel and opposite to the drum movement. The simulation was initialized with one drum inside the partial enclosure and no drums obstructing the partial enclosure faces. Drum movement continued for 7.5 s, until the drum initially at the filling point had passed through the enclosure opening and was replaced by another ready to be filled. The results showed that increasing the spacing improved containment. Because more time elapsed before the drum left the partial enclosure, due to the wider spacing, the concentrations in the partial enclosure at that time were lower. Therefore, the predicted peak volume of tracer and concentration outside the partial enclosure were smaller, with respective values of ~0.001 (~2 s before drum motion stopped) and 0.7 (~3 s before drum motion stopped). These results suggest that if a contaminant release within a partial enclosure did occur for closely packed drums, delaying drum movement to extend extraction duration is likely to improve containment. An alternative could be to set up the filling process such that, even if a spill did occur, the drums would be spaced far enough apart that the process could continue without delay or loss of containment of the partial enclosure.
con clus Ions
Factors affecting the control of exposure by containment have been examined using CFD simulations of two scenarios. The simulations performed were of an engineering control approach with an extracted partial enclosure, similar to COSHH Essentials G200 (HSE, 2003a) , in a ventilated room for which experimental measurements were available, and for a containment approach with a drum filling partial enclosure based on a containment scenario from COSHH Essentials G305 (HSE, 2003b) for which experimental measurements were not available. The two scenarios enabled an assessment of the following factors on containment: face velocity, size and location of face opening, and movement. The effects of varying the interaction of the ventilation and extraction flows and the spacing of moving drums have also been considered.
The CFD predictions agreed well with the majority of the experimental measurements, particularly at higher nominal face velocities, demonstrating confidence in the models used. At lower face velocities, agreement on the upstream half-face of the partial enclosure was not as good and the CFD simulations over-predicted the amount of recirculation that would occur. Reasons for this have been discussed.
The measurements and predictions indicate that the velocity distribution is not uniform across the face and is strongly affected by ventilation flows, particularly at lower face velocities. Containment was predicted to be influenced by face velocity and the interaction between face and ventilation velocity. The area and position of the extracted partial enclosure face also affected containment. When the face area was halved, leaving the upstream half-face open, there was a complex interaction between the face and ventilation velocities, particularly at lower face velocities, suggesting that loss of containment would be likely. With the downstream half-face open, the blocked half of the face upstream acted as a baffle, restricting the interaction of face and ventilation velocities. The face velocity, therefore, remained more uniform, even at lower velocities. This result suggests that containment is more likely to be maintained in this case and demonstrates that the location and size of the opening are significant factors affecting containment.
Movement of a drum out of a partial enclosure face caused loss of containment due to a wake generated by the drum opposing the high extraction velocity. The predicted peak quantities of tracer escaping from the partial enclosure were two orders of magnitude less than those in the partial enclosure, indicating that most of the tracer remained within the partial enclosure. This is in line with the figure of a 100-fold reduction in potential exposure used in COSHH Essentials (HSE, 2009) when comparing the efficacy of containment as a control approach compared to general ventilation. Contaminant outside the partial enclosure may be recaptured by the extraction flow into the partial enclosure and predictions of the amount of material not recaptured were another order of magnitude below the quantity that left the partial enclosure.
Other factors that were examined included the interaction between the flow and the drums, which was shown to affect containment. A ventilation flow parallel to the drum movement was not as effective at removing tracer from between drums as a ventilation flow parallel to the partial enclosure face. In the former case, the peak quantity of tracer outside the partial enclosure increased, although some recapture did occur. Increasing the spacing between the drums showed that the predicted peak quantity escaping containment was related to drums leaving the partial enclosure and the concentration at that time.
Well-validated CFD has been a useful tool for gaining insight into containment applications and aiding interpretation of experimental measurements. Novel CFD techniques have been used to create controlled containment scenarios and provide information that may aid future design of containment experiments. Only environmental effects due to ventilation flows were considered in this work. Buoyancy, due to both material properties and thermal effect, could also affect the containment behaviour of the control approaches and could also be examined using CFD.
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